Introduction
In the utilization of fine inclusion particles which will not go into solution at elevated temperatures, considerable influence on steel properties such as strength and toughness may be exerted via grain-coarsening and nucleation effects, such as pinning on austenite grain boundaries and the ability to nucleate acicular ferrite.
The grain-growth-inhibiting effect by second-phase particles has been studied by a number of investigators on theoretical grounds and on the basis of experimental studies. In pervious study, 1, 2) the effect of the deoxidation products of Ce 2 O 3 , ZrO 2 or MgO particles on the limiting austenite grain growth was investigated as a function of volume fraction of particles and mean particle diameters. However, the particles produced by primary deoxidation have a size distribution which strongly affects the grain growth inhibition by pinning. For the positive use of primary deoxidation products, therefore, theoretical and experimental verification concerning of the effect of particle size distribution on grain growth inhibition is required for the exact control of steel microstructure.
In this investigation, the austenite grain growth in an Fe-0.05mass%C alloy deoxidized with Mn-Si, Ti, Mg, Zr and Ce has been studied as a function of holding time at 1 200°C. The effect of deoxidants on size distribution of particles and austenite grains has been discussed based on the relationship between surface area of particles and that of grains per unit volume of metal. The contribution of small size particles to limiting grain size has been estimated for the particles with uniform size, log-normal size distribution and observed size distribution.
Grain Size Control by Particles with Size Distribution
The retardation of grain growth by second phase particles was first investigated by Zener 3) under the assumption that the particles of a spherical shape are distributed randomly. According to the Zener postulates, the grain boundary movement would cease when the driving force for grain growth is equal to the pinning force exerted by particles. At steady state the mean diameter of spherical grains, D ළ V(Z) , is given as follows: where d ළ V and f V are the mean particle diameter and the volume fraction of spherical particles, respectively.
The validity of the Zener model has been discussed, since the mean grain diameter, D ළ V , obtained experimentally is much smaller than the predicted value of D ළ V(Z) by Zener.
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The relationship between D ළ V , d ළ V and f V values derived by Doherty et al. 6 ) for non-random particle dispersion is expressed as where f V is the fraction of particles on the grain boundaries in 3-D. If the particles are dispersed randomly with respect to the positions of boundaries, as is the case of the Zener model, the f V value is given by Equations (1), (2) and (4) It should be emphasized that Eqs. (6), (7) and (8) are valid only for uniform size spherical particles and for particles with narrow size distribution. The D ළ V value is affected by the width of particle size distribution. As discussed in Sec. 4, the D ළ V value increases significantly with increasing the width of the particle size distribution for given values of d ළ V and f V . Moreover, grains and particles observed in practice frequently cannot be approximated by a spherical shape.
On the basis of the aforementioned reasons, it is necessary to use the values of total surface area of particles, A where S P is the total surface area of particles for a given volume of metal, V. This value can be estimated from the size distribution of particles on film filter after electrolytic extraction. The volume of analyzed metal can be calculated from the weight of metal dissolved during electrolytic extraction.
Equations (1), (2) and (4) (14) where k is a constant which depends on the grain shape (kϭ3 for a spherical grain).
Equations (10), (11) and (12) In a similar manner the relationship between the mean diameter of grain sections, D ළ A , and the mean diameter of particle sections, d ළ A , and the area fraction, f A , of the particles in a cross section can be rewritten by using the total perimeter of particle sections per unit area, L G A . The general equations for 2-D analysis are summarized in Table 1 in which f A (ϭ2d ළ A /D ළ A for random particle distribution) is the fraction of particles on grain boundaries.
Experimental

Procedure
The experimental conditions for the preparation of metal samples are given in Table 2 . An Fe-0.05mass%C alloy (70 g) was melted at 1 600°C in an induction furnace (100 kHz) under an Ar atmosphere. A graphite susceptor with 10 mm thickness was installed between induction coil and crucible in order to eliminate the fluid flow due to induction current. After holding for 30 min at this temperature for homogenization of metal composition, the melt with the initial oxygen content in the range from 0.008 to 0.012 % was deoxidized with Mn (1.0 %)-Si (0.2 %), Ti (0.05 %), Mg (0.1 %), Zr (0.08 %) or Ce (0.12 %), followed by the addition of Mn (1.0 %) and Si (0.2 %) in Exp. Nos. 7 to 28. Percent denotes mass%, hereinafter. The melt was stirred for 20 s Table 1 . Relationship between particle size distribution and grain size for 2-D analysis. Table 2 . Experimental conditions for preparation of metal samples.
using an Al 2 O 3 rod and held for 1-2 or 10 min at 1 600°C, followed by cooling to 1 200°C at the rate of 0.5°C · s
Ϫ1
. Then the sample was quenched in water immediately or held for 60 min at 1 200°C, followed by rapid quenching.
In Exp. Nos. 5, 6, 11, 12, 17, 18, 23 and 24 an initial oxygen content in the melt increased to 0.025 to 0.030 % by the addition of a Fe t O tablet before deoxidant addition. The melt was stirred for 10 s and held for 10 min for homogenization, followed by deoxidation. After Mn, Si and C addition, the melt was cooled to 1 200°C and held for 0 or 60 min at this temperature, followed by rapid quenching.
A high purity Al 2 O 3 crucible was used in the deoxidation experiments with Mn-Si and Ti (Exp. Nos. 1 to 12). A high purity MgO crucible was used in the deoxidation experiments with Mg, Zr and Ce (Exp. Nos. 13 to 28).
Observation of Particles and Grains
A metal sample (0.2 to 0.3 g) was dissolved with 10 % AA (10 volume per volume (v/v) % acetylacetone-1 weight per volume (w/v) % tetramethylammonium chloridemethanol) using a potentiostatic electrolytic extraction method. After extraction the particles on membrane polycarbonate film filter with an open pore size of 0.05 mm were observed and analyzed by using the scanning electron microscope (SEM) at a magnification of 1 000, 2 000, 5 000 and 10 000. The total observed area of film filter with particles was 0.06 to 0.10 mm 2 for the Mn-Si and Ti deoxidation experiments and 0.01 to 0.05 mm 2 for the Mg, Zr and Ce deoxidation experiments. The spatial size of particles, d V , was estimated on SEM photomicrograph by using a semi-automatic image analyzer. The method for the estimation of volume fraction, f V , and number of particles per unit volume, N V , is described elsewhere.
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A polished cross-section of vertical slice from the center of ingot was etched with 3 % nital (3v/v% HNO 3 -amylalcohol) or with hot 10 % picric acid (10w/v% picric acid-H 2 O, 50 to 70°C). A revealed grain structure was observed by an optical microscope at a magnification of 25, 50 or 100. The size, area and perimeter of each grain section on microphotographs were measured by using a semi-automatic image analyzer. The grain diameter, D A , was estimated as the diameter of a circle with the same area of a sectioned grain. The total observed area was 180 to 280 mm 2 for the Mn-Si and Ti deoxidation experiments and 50 to 200 mm 2 for the Mg, Zr and Ce deoxidation experiments.
Chemical Analysis
For the determination of soluble and insoluble contents of M elements, a metal sample (0.3 to 0.5 g) was dissolved with 10 % AA (10v/v% acetylacetone-1w/v% tetramethylammonium chloride-methanol) in the Mn-Si, Ti and Zr deoxidation experiments and with 2 % TEA (2v/v% triethanol amine-1w/v% tetramethylammonium chloridemethanol-0.1 to 0.2w/v%Ba) in the Mg and Ce deoxidation experiments using a potentiostatic electrolytic extraction method. After filtration the solution and residue on a PTFE film filter with an open pore size of 0.1 mm were analyzed for the contents of soluble and insoluble M, respectively, by using inductively coupled plasma (ICP) emission spectrometry. The total content of element was calculated as the sum of soluble and insoluble contents.
Results and Discussion
Effect of Deoxidants on Size Distribution of Parti-
cles and Austenite Grains An Fe-0.05mass%C alloy was deoxidized with Mn-Si, Ti, Mg, Zr or Ce at 1 600°C and held for 1 or 10 min. Then, the melt was cooled to 1 200°C and held for 0 or 60 min, followed by quenching in water. The characteristics of particles and austenite grains are summarized in Table 3 .
The particle size distributions with the step width of 
Effect of Particle Size Distribution on Grain Size
Grain Size Estimated from Previous Models
The limiting grain diameter, D ළ V(cal.) , was calculated by substituting the respective values given in Table 3 It can be seen that the data points for different deoxidation experiments fall reasonably well on the lines except for a few points. The mean diameter of grains, D ළ V , decreases and the surface area of grains per unit volume, A G V , increases with increasing the surface area of particles per unit volume, A P V . These results suggest that the austenite grain growth is inhibited with increasing the interfacial area between grains and particles.
The data points marked by asterisks are significantly deviated from the line. These points correspond to the results obtained by the Ce and Zr deoxidation experiments in which the dissolved Ce and Zr contents are 60 to 140 and 50 to 80 mass ppm, respectively. It is well established that the increase of dissolved Ce leads to the retardation of austenite grain growth by the effect of solute drag. 12) Therefore, the significant deviation observed in the case of Ce deoxidation can be explained by the effects of grain growth inhibition by both particle pinning and solute Ce drag. The high concentration of soluble Zr in an Fe-0.05 mass%C alloy causes the precipitation of ZrC during solidification and subsequent cooling. In this case, the ZrC particles are loated mostly on the grain boundaries, thus resulting in the effective retardation of grain growth.
It should be pointed out that the slope of line in a plot of A G V versus A P V for 0 min holding time is larger than that for 60 min holding time. This is due to the fact that the mean grain size increases with increasing the holding time at 1 200°C and attends the steady state in the presence of particles within 30 to 60 min. 6) and Nishizawa et al. 8) timated from the experimental values. Based on these results it can be said that the D ළ V(cal.) values from Eqs. (15) and (16) 
Contribution of Small Size Particles to Limiting
Grain Size 4.3.1. Uniform Size Particles
The contribution of small size particles to limiting grain size was estimated for uniform size particles and particles with log-normal size distribution.
The relationship between N V and d V , and that between A P V and d V at constant volume fraction (f V ϭ0.0004) are shown in the upper and lower diagrams of Fig. 6 , respectively, for spherical uniform size particles. This volume fraction corresponds to the value in the Mg deoxidation experiments, as shown in Table 3 . The number of particles per unit volume, N V , was calculated from Eq. (5) 
Log-normal Particle Size Distribution
The log-normal distribution function (LNDF) has been applied often to the representation of particle size distributions. 13, 14) The log-normal size distribution of particles, the relationship between A P V and d V , and that between f V and d V for a given volume fraction ( f V ϭ0.0004) and a mean particle diameter (d ළ V ϭ0.5 mm) are shown in the top, middle and bottom diagrams of Fig. 7 , respectively, as a function of geometric standard deviation, s. The N V , A P V and f V values for each step of size distribution was calculated with the step width of Dϭ0.1 (Dϭlog d V ) by using the LNDF for a spherical particle. 13, 14) The total number of particles per unit volume decreases from 5.4ϫ10 6 to 1.4ϫ10 6 with increasing ln s from 0.2 to 0.7, as shown in the top diagram. It can be seen that the modal value of d V for a given ln s increases in the order of N V , A P V and f V . This is due to the fact that the A P V ( j) and f V ( j) values for j-th step are proportional not only to N V ( j), but also proportional to d V 2 ( j) and d V 3 ( j), respectively. As shown in the middle and bottom diagrams of Fig. 7 , the modal values of d V for A P V and f V increases with increasing the ln s value. This is because the number of large size particles increases with an increase in the width of particle size distribution, thus resulting in the increase of A P V and f V values.
The effect of the geometric standard deviation in log-normal distribution on limiting mean diameter of grains, D ළ V(cal.) , has been studied and the relation between D ළ V(cal.) and ln s is shown in Fig. 8 for a given volume fraction (f V ϭ0.0004) and mean particle diameter (d ළ V ϭ0.5 mm). As shown in Fig. 4 , the limiting mean size of grains is inversely proportional to the surface area of particles per unit volume. Therefore, the effect of small size particles on the inhibition of austenite grain growth was estimated from the relationship between cumulative frequency of A P V value and particle size. This relation is shown in Fig. 9 for log-normal distribution of a spherical particle as a function of ln s. The upper and lower diagrams correspond to the constant values of d ළ V ϭ0.5 and 1.0 mm, respectively, which are the mean particle diameters for the Mg and Mn-Si deoxidation experiments, respectively.
It can be seen in the upper diagram that the cumulative frequency of A P V value in the range of d V Ͻ0.5 mm decreases from 56 to 18 % with an increase of ln s value from 0.2 to 0.7. In the case of d ළ V ϭ1.0 mm shown in the lower diagram, the cumulative percentage of A P V in the range of d V Ͻ0.5 mm is less than 3 % and almost unaffected by the ln s value. This is due to the fact that the number of particles is so small in the range of d V Ͻ0.5 mm.
Experimental Particle Size Distribution
The cumulative frequency of A P V (%) is plotted against the particle diameter in Fig. 10 for the experimental particle size distributions shown in Fig. 1 Table 3 .
It can be seen from the results shown in Fig. 11 that the difference between the D ළ V(cal.) values for all particles and those for the particles with d V Ͼ0.5 mm is in the range between 0.05 and 0.1 mm for the Ce and Zr deoxidations, whereas that for the Ti and Mg deoxidations is in the range between 0.01 to 0.05 mm. In the Mn-Si deoxidation, the difference is insignificant because the number of particles with d V Ͻ0.5 mm is so small. It follows from these results that for the significant contribution of small size particles on the grain growth inhibition the number of small size particles must be extremely increased. 
Conclusions
The austenite grain growth in an Fe-0.05mass%C alloy 
